Herpes simplex virus type 1 (HSV-1) establishes a latent infection in the trigeminal ganglia of mice infected via the eye. In these ganglia three viral transcripts, of 2.0, 1.5, and 1.45 kilobases (kb), which are at least partially colinear, have been identified by Northern (RNA) blot analysis. These RNAs partially overlap ICPO, but are transcribed in the opposite direction (J. G. Spivack and N. W. Fraser, J. Virol. 61:3841-3847, 1987). The accumulation of these latency-associated transcripts, as well as other viral RNAs, was studied during an acute infection and the reactivation of a latent HSV-1 infection in mice. The 2.0-kb latency-associated transcript was detected in trigeminal ganglia of mice as early as 4 days postinfection, and the 1.45-and 1.5-kb RNA doublet was detected at 14 days postinfection. The levels of these latency-associated transcripts increased steadily over a 60-day period. In contrast, other HSV-1 transcripts were detected at 2 to 3 days postinfection, reached a peak on day 4, and rapidly declined below detectable levels by day 7. The data indicate that the temporal expression of the latency-associated genes during acute infection in the trigeminal ganglia of mice is different from the temporal expression of genes involved in HSV-1 replication. During the reactivation of latent HSV-1 from explanted trigeminal ganglia, the latency-associated RNAs decreased about twofold, but were present at significant levels even after HSV-1 DNA increased and infectious virus was recovered. The decrease of the latency-associated transcripts occurred when reactivation was blocked by phosphonoacetic acid or novobiocin, which suggests that this decrease may be an early event in the entry of latent HSV-1 into the viral replication cycle.
Latent herpes simplex virus type 1 (HSV-1) resides within the neurons of sensory ganglia (6, 24) . Reactivations of latent HSV-1 to produce recurrent disease (2, 13, 41) are common (25) and can be life threatening in immune-suppressed individuals. To understand the herpesvirus-host relationship, it is important to identify and characterize the viral genes expressed during the pathogenesis of acute, latent, and reactivated infections.
Virus-specific transcripts have been detected during HSV-1 latency by in situ hybridization in the central and peripheral nervous systems of mice (7, 8, 10, 33, 42, 43) and during HSV-2 latency in guinea pig (44) and human sensory ganglia (11, 12) . The viral transcripts in the sensory ganglia of latently infected mice hybridized to the long repeat region of HSV-1 (7, 10, 33, 42) , which encodes several genes, including the immediate-early gene ICP0. However, the viral RNA present during HSV-1 latency is transcribed from the DNA strand complementary to that encoding ICP0 (33, 37, 42) . Three transcripts, of 2.0, 1.5, and 1.45 kilobases (kb), present during HSV-1 latency in the trigeminal ganglia of mice originate from a 3.0-kb region contained within the internal long repeat region that partially overlaps the 3' terminus of ICP0 (37) . These latency-associated transcripts are distinct from any that have been previously identified during the lytic replication cycle of HSV-1 (33, 37, 42) .
The systems available to detect virus that has reactivated from latently infected animals have limitations for studying the reactivation process. Reactivation can be induced in vivo, but occurs with a variable time course in only 20 to 50% of the animals (13, 41) . HSV-1 reactivation is assayed in * Corresponding author. these systems retrospectively by the shedding of virus or the appearance of lesions. Reactivation can also be induced in vitro by explant cocultivation of sensory ganglia from latently infected animals and cells permissive for HSV-1 replication (for a review, see references 13 and 41) . An explant reactivation model that is efficient, quantitative, and time dependent has been developed to study the molecular events during reactivation that occur prior to the appearance of infectious HSV-1 (38) .
In the present study the expression of the latency-associated transcripts in the trigeminal ganglia of mice was monitored during the acute infection and reactivation of the latent infection. These data demonstrate that (i) during an acute infection the transcripts of a number of HSV-1 genes involved in the lytic replication cycle rapidly increase and decrease over a 7-day period; (ii) the latency-associated transcripts are first expressed during the acute infection, and their levels continue to increase thereafter; (iii) during reactivation of the latent infection the latency-associated transcripts decrease, but remain at significant levels even after reactivated virus is detectable; and (iv) the decrease in the latency-associated transcripts occurs even when reactivation is blocked by phosphonoacetic acid or novobiocin, suggesting that the decrease may be a critical early event in the reactivation process, rather than a secondary consequence of reactivation.
MATERIALS AND METHODS
Cell culture, HSV cell, and the virus was concentrated from the medium, as previously described (7, 32, 38) . Virus stock titers were determined on CV-1 cells, and the plaques were stained with 1% methylene blue 2 days later (39, 40) .
Infection of mice and explant reactivation. Following corneal scarification, 4-to 6-week-old female BALB/c mice were each infected with approximately 106 to 107 PFU of HSV-1 F per eye (32) . At a minimum of 4 weeks after infection, latently infected mice were sacrificed by cervical dislocation. The trigeminal ganglia were rapidly dissected and incubated for 4 days in Eagle minimal essential medium supplemented with 5% fetal calf serum at 37°C in 5% C02, Dounce homogenized, and titrated (38) .
RNA extraction, agarose gel electrophoresis, Northern blot transfer, hybridization, and washing of Northern blots. At each time point after explant, 10 to 12 trigeminal ganglia were homogenized in 4 M guanidinium thiocyanate-0.5% sodium N-lauroyl sarcosine-100 mM ,B-mercaptoethanol-25 mM sodium citrate (pH 7.0)-0.1% Antifoam A (Sigma Chemical Co.) (4), and total RNA was extracted as previously described (37) . The denaturation of RNA with glyoxal, agarose gel electrophoresis, and Northern (RNA) blot transfer to GeneScreen Plus (Du Pont Co.) were performed as described previously (37) . RNA markers were purchased from Bethesda Research Laboratories Inc. Heat-denatured 32P-labeled nick-translated probes were added to Northern blots and hybridized overnight (37 Preparation of 32P-labeled probes. Total HSV-1 DNA was isolated from virions and purified by CsCl gradient centrifugation (3). The BamHI fragments of HSV-1 F cloned into pBR322 were obtained from B. Roizman (28) . Subfragments of BamHI-B were isolated from restriction digests by gel electrophoresis and electroelution into dialysis tubing (21) . An actin DNA probe was provided by R. Weinmann (16) . Restriction enzymes were purchased from Boehringer Mannheim Biochemicals or Bethesda Research Laboratories and used as recommended by the manufacturers. DNA probes were nick-translated by standard procedures (21) and were separated from unincorporated nucleotides by passage through mini-spin Sephadex G-50 columns (Boehringer Mannheim). The specific activities of the probes were 1 x 108 to 5 x 108 cpm/,ug of DNA.
DNA extraction from tissues. Trigeminal ganglia were rinsed with phosphate-buffered saline and Dounce homogenized in ice-cold 160 mM NaCl-50 mM EDTA-SmM Tris (pH 8.0) (32, 38) . Sodium dodecyl sulfate and pronase were added to 0.5% and 1 mg/ml, respectively, and the mixtures were incubated at 37°C overnight. The digests were extracted with phenol, phenol-chloroform, and chloroform, ethanol precipitated, suspended in 10 mM Tris-1 mM EDTA (pH 7.4), incubated with RNase (100 ,ug/ml) at 37°C for 2 h and proteinase K (100 ,ug/ml) at 37°C for an additional 2 h, extracted with phenol, phenol-chloroform, and chloroform, and ethanol precipitated. DNA amounts were (ii) Agarose gel electrophoresis and Southern blot transfer of DNA. Agarose gel electrophoresis and Southern blot transfer were performed by standard techniques (21) , as previously described (32, 38) . Spot blots were hybridized and washed essentially as described for Southern blots (32, 38 (10) . Mice were considered latently infected 4 or more weeks after inoculation, when infectious virus was no longer detectable, but could be reactivated from 100% of the trigeminal ganglia by explant cultivation (8, 32, 38) . The lack of infectious virus at the time of explant and the ability to reactivate HSV-1 from the ganglia form an operational definition of latency (13, 41) .
Expression of HSV-1 latency-associated transcripts during the acute phase of infection. Three transcripts (2.0, 1.5, and 1.45 kb) have been detected in the trigeminal ganglia of latently infected mice by Northern blot analysis (37) . These transcripts map to a 3.0-kb PstI-MluI fragment contained within BamHI-B (37) (Fig. 1 ). The accumulation of the latency-associated transcripts was studied from 0 to 60 days postinfection by Northern blot analysis of RNA isolated from the trigeminal ganglia of mice (Fig. 2) . The 2.0-kb latency-associated transcript was detectable as early as 4 days postinfection, which was the peak of the acute infection, and increased steadily over the 60-day time course. The 1.45-and 1.5-kb RNA doublet was barely detectable at 14 days (visible in overexposures; data not shown) and continuously increased thereafter (Fig. 2 ). This doublet is noticeable in the 21-and 30-day samples and was detected in previous work (37) . It should be noted that a faint band at the position of ICPO mRNA (2.6 to 2.7 kb) was detectable only at day 4 (Fig. 2) .
Detection of HSV-1 transcripts during the acute phase of infection. To investigate the expression of HSV-1 genes during the acute stage of infection, we hybridized Northern blots with nick-translated probes of virion DNA or BamHI fragments Y, N, or X (see Fig. 1 for locations) . BamHI-Y encodes a portion of the immediate-early gene ICP4 (5, 19, 46) , BamHI-N encodes a portion of the immediate-early gene ICP22 (5, 19, 46) and 35 nucleotides of ICP4 (5, 19, 46) , and BamHI-X encodes a portion of five RNAs (23, 31) . In order of decreasing size, the RNAs that hybridize to BamHI-X are glycoprotein E, the immediate-early gene ICP47 (5), a DNA-binding protein (molecular mass, 18 kilodaltons), a minor infected-cell protein (34 kilodaltons), and an uncharacterized protein (10 kilodaltons) (23, 31) . The (1, 19, 27, 35) and RNAs for ICPO (5, 19, 27, 46) , ICP27 (5, 19, 46) , the 22-and 20-kilodalton proteins (20, 37) , and the latency-associated transcripts (37) postinfection, increased to a maximum at day 4, and rapidly declined by day 7 (Fig. 3A) . At day 7 the virion DNA probe hybridized to a 2.0-kb RNA, which is probably the latencyassociated transcript (compare Fig. 3A with Fig. 2 ). The 2.0-kb band was strongest at the peak of the viral infection, because a number of HSV-1 transcripts are 2.0 kb, including ICP27 and ICP22 (45) . The probes BamHI-Y and BamHI-N hybridized to ICP4 and ICP22 mRNA, estimated at 4.7 and 2.0-kb, respectively (5, 46) , with kinetics similar to that of the virion DNA probe (Fig. 3B and 3D ). BamHI-X hybridized to five transcripts on day 4 ( Fig. 3C) , which correspond to genes US8 to US12 predicted by sequence analysis of the unique short region (23) . BamHI-Y, BamHI-N, and BamHI-X did not hybridize to RNA from ganglia between 14 and 60 days postinfection (data not shown). These results indicate that the latency-associated transcripts are expressed with different kinetics in the trigeminal ganglia of mice than are a number of genes involved in the lytic replication cycle (compare Fig. 2 and 3 ). It should be noted that the data do not distinguish between the following two possibilities: (i) the latency-associated transcripts and RNAs involved in HSV-1 replication are expressed with different kinetics in the same cells; and (ii) one population of cells expresses the latency-associated RNAs, and a second population of cells expresses RNAs from the viral replication cycle. Levels of HSV-1 DNA during latency and reactivation in trigeminal ganglia. To establish a time frame to study HSV-1 gene expression during the reactivation process, we determined the amount of HSV-1 DNA present during latency and reactivation by spot blot analysis of DNA extracted from latent trigeminal ganglia (Fig. 4) . The cross-hybridization between HSV-1 and mouse DNA sequences (26, 29) , minimized by the stringent hybridization and washing conditions, was subtracted as background. The hybridization was confirmed as HSV-1 specific by Southern blot analysis (32, 38 ; data not shown). The HSV-1 DNA present during latency (Fig. 4A ) was equal to a dilution of (3.6 ± 2.8) x 10-6 (mass HSV-1 DNA:mass mouse DNA; three to five mice per experiment, nine independent experiments). Assuming a mass of approximately 108 daltons for HSV-1 DNA (17) and 3 x 1012 daltons for mouse DNA, this corresponds to 0.11 ± 0.08 genome equivalents of HSV-1 DNA per cell, which is comparable to published estimates (9, 30, 32) .
The amount of HSV-1 DNA in the trigeminal ganglia during the reactivation process was determined by spot blot analysis of DNA from ganglia in explant culture. The amount of HSV-1 DNA present began to increase at day 2 (Fig. 4B) , which was the earliest time at which reactivated virus could be observed (38) . By day 4, reactivated virus could be recovered from 100% of the ganglia (38) , and the amount of HSV-1 DNA present was approximately 1,000-fold higher than during the latent period (Fig. 4B) . Thus, HSV-1 DNA and infectious virus increased with similar kinetics during the reactivation process.
Detection of the latency-associated transcripts during the reactivation process. The time course of appearance of virus (38) and viral DNA (Fig. 4B ) in trigeminal ganglia explanted from latently infected mice defined a 4-day interval for studying HSV-1 gene expression during the reactivation process. The three latency-associated transcripts were present at significant levels throughout the time course, but decreased in ganglia over a 96-h period (Fig. 5) . The 3.1-kb HpaI-BamHI probe used to detect the latency transcripts ( Fig. 1 ) also hybridized to ICPO mRNA. This mRNA was apparent only in ganglia that had been explanted for 96 h or longer (Fig. 5) . After probe removal, these Northern blots were rehybridized with an actin probe (16) as an internal standard to correct for variations in sample loading. The autoradiographs were quantitated by densitometer scanning, and the amounts of latency-associated transcripts were normalized relative to actin. The amounts of the 2.0-kb latency-associated transcript and the 1.45-to 1.5-kb doublet decreased to 70% ± 22% (three determinations) and 49% ± 12% (three determinations) of the latent value by 24 to 36 h postexplant, respectively, and 44% ± 13% (three determinations) and 28% ± 10% (three determinations) of the latent value by 96 to 120 h postexplant, respectively. The smaller band is most noticeable as a doublet in the 24-h sample, and was also found in previous work (37) . These results demonstrate that reactivation can occur in tissues in the presence of the latency-associated transcripts, although the events in individual cells might vary. A comparable average decrease in the levels of the latent transcripts also occurred when 200 ,ug of phosphonoacetic acid, an inhibitor of HSV-1 DNA synthesis (22) and reactivation in explanted ganglia (38) , was added per ml at explant (Fig. 5) . Similar results were obtained with 160 puM novobiocin (data not shown), which also inhibits reactivation and viral replication in explanted trigeminal ganglia (38) .
To examine the synthesis of other HSV-1 transcripts during reactivation, RNA samples from explanted trigeminal ganglia of latently infected mice were hybridized to nicktranslated probes of BamHI-X, BamHI-Y, BamHI-N, and purified viral DNA. These probes hybridized weakly to the 96-h sample, but hybridization to RNA from the earlier time points was below the level of detection (data not shown), even though infectious virus could be detected at 72 h in most of the ganglia (38) . Thus, during the reactivation process HSV-1 transcripts, except for those expressed during latency, could not be detected by Northern blot analysis before the appearance of infectious virus.
DISCUSSION
A picture of HSV gene expression during the pathogenesis of latent infections in mice is beginning to emerge. In situ hybridization studies have demonstrated that HSV-1 transcription in the trigeminal ganglia of latently infected mice appears to be restricted to a small portion of the genome (7, 10, 33, 42) . Recently, three at least partially colinear HSV-1 transcripts, of 2.0, 1.5, and 1.45 kb, have been mapped by Northern blot analysis to a 3.0-kb PstI-MluI fragment within the region positive by in situ hybridization (37) (Fig. 1) . These transcripts partially overlap the 3' end of ICPO mRNA which is transcribed in the opposite direction (37) . The latent RNAs are distinct from any other RNAs previously identified as actively transcribed during the lytic replication cycle (33, 37, 42) . Thus, there is an alternative pathway of HSV-1 gene expression during latency, and HSV-1 gene expression is partially restricted during lytic replication in tissue culture cells.
In the present paper, HSV-1 gene expression has been studied by Northern blot analysis during the acute, latent, and reactivation phases of infection. In trigeminal ganglia, infectious virus (18; unpublished observations) and viral DNA (10) quickly increased and declined in the first 7 days of infection. The expression of a number of viral RNAs also followed a similar pattern (Fig. 3) . In contrast, the 2.0-kb latency-associated transcript was first detected at 4 days postinfection, the 1.45-1.5-kb doublet was first detected at 14 days, and all steadily increased in abundance over a 60-day period (Fig. 2) . The results demonstrate that in the trigeminal ganglia of mice the latency-associated transcripts are expressed with kinetics different than those of other HSV-1 RNAs during the acute stage of infection, when latency is established (36) . The data do not address the issue of whether the acutely infected cells also express the latency-associated transcripts or whether there may be two populations of cells, one which succumbs to acute infection and the other which supports latent HSV-1 infection. The detection of a low level of the 2.0-kb latency-associated transcript in HSV-1-infected CV-1 cells (37) is evidence that at least one of the latency-associated RNAs may be transcribed in lytically infected cells.
Since the latency-associated transcripts continued to increase long after any infectious virus could be detected, it is clear that the latency-associated RNAs were not residual from the acute stage of infection. The accumulation of these transcripts was somewhat unexpected, since during a latent infection in mice, HSV-1 DNA does not increase between 1 and 5 months postinfection in the peripheral or central nervous systems of mice (9, 32; unpublished observations) . It is possible that the accumulation of the latent transcripts from 0 to 60 days postinfection represents (i) an increase in transcription in each latently infected cell, (ii) a decrease in RNA turnover rates, (iii) an increase in the proportion of latently infected cells expressing the transcripts, or (iv) a combination of these possibilities. In any case, the data indicate that the host cell-latent HSV-1 relationship is an active one.
There are few estimates in the literature of the proportion of ganglion cells that harbor latent HSV-1 DNA, and it is not known what fraction of latently infected cells reactivate HSV-1 in explanted ganglia. Although there is evidence that reactivation occurs from neurons (6, 24) , the possibility that latent HSV-1 DNA is present in extraneural sites cannot be rigorously excluded (for a review, see reference 13). The estimates for latent HSV-1 DNA are approximately 0.1 genome equivalent per cell (Fig. 4) (9, 30, 32) . Although no conclusions about the number of HSV-1 DNA copies present in individual cells can be drawn, these estimates suggest the possibility that (i) approximately 10% of ganglion cells contain one copy of HSV-1 DNA or (ii) a smaller percentage of cells contain multiple HSV-1 DNA copies.
As a framework for the study of HSV-1 gene expression during the reactivation of a latent infection in mice, the time VOL. 62, 1988 course of accumulation of HSV-1 DNA in explanted ganglia was determined. An increase in the amount of HSV-1 DNA was first detected at 2 days postexplant and the DNA continued to increase with log linear kinetics until day 4 (Fig.  4) . Since this was similar to the time course observed for the appearance of infectious virus (38) , most of the lag period between the reactivation stimulus (i.e., explant) and the detection of reactivated virus also preceded the synthesis of viral DNA. In cell culture, viral DNA is synthesized near the middle of the HSV-1 replication cycle (14, 34, 45) . Since HSV-1 DNA synthesis is initiated a few hours after infection (14, 34) , it is possible that some of the events that occur between explant of trigeminal ganglia from latently infected mice and an increase in the amount of viral DNA are host cell changes rather than early events in the viral replication cycle.
HSV-1 gene expression was studied during the reactivation of latent infections by Northern blot analysis of RNA extracted from trigeminal ganglia in explant culture (Fig. 5) . Even though infectious virus could be detected in some trigeminal ganglia from latently infected mice at 48 h postexplant (38) and an increase in HSV-1 DNA could also be detected at that time (Fig. 4) Even though other HSV-1 RNAs could not be detected during reactivation until 96 h postexplant, the levels of the latency-associated transcripts in explanted ganglia were monitored during the reactivation process. The latencyassociated transcripts decreased, but were present at 96 h postexplant (Fig. 5) : a time when all explanted ganglia were virus positive (38) . The 55 to 70% decrease in the levels of the latency-associated RNAs during reactivation did not require viral DNA synthesis, since it occurred in the presence of phosphonoacetic acid or novobiocin. These results imply either that (i) reactivation and viral replication can occur in the presence of reduced levels of the latencyassociated transcripts, or (ii) reactivation occurs in only a portion of the latently infected cells and expression of the latency transcripts is inhibited in these cells.
If reactivation occurs in some, but not all, of the latently infected cells, then viral transcription in cells in which latent HSV-1 reactivates would differ from transcription in cells in which latency is maintained. Theoretically, reactivation of a latent infection could be the result of events in a single latently infected cell. During reactivation in intact sensory ganglia explanted from latently infected mice, reactivation was detected in only a very small number of neurons (6, 24) . McLennan and Darby (24) observed a total of nine reactivation foci in ganglia from three latently infected mice. These data suggest, but do not prove, that reactivation in explanted ganglia may occur in only a portion of the latently infected cells. The decrease in the amount of the latency-associated RNAs in trigeminal ganglia explanted from latently infected mice (Fig. 5) 
